To examine the role of key cholinergic proteins in the formation of neuromuscular junctions (NMJs), we expressed DNAs encoding the mouse muscle nicotinic acetylcholine receptor (nAChR) or human brain and muscle acetylcholinesterase (hAChE) in developing Xenopus laevis embryos.
Acetylthiocioline hydrolysis and a-bungarotoxin binding in homogenates of transgenic embryos revealed transient overexpression of the respective proteins for at least 4 days postfertilization. Moreover, hAChE nijection induced an =2-fold increase in endogenous Xenopus nAChR. Electron microscopy coupled with cytochemical staining for AChE activity revealed that AChE-stained areas, which reached 0.17 ,um2 in NMJs of control embryos raised at 21°C, increased up to 0.53 and 0.60 Pm2 in nAChR and hAChE transgenics, respectively. These increases coincided with the appearance of a class of large NMJs with average postsynaptic lengths up to 1.8-fold greater than controls. As much as 57% and 34% of the NMJs in animals transgenic for nAChR and hAChE, respectively, displayed AChE activity in nerve terminals in addition to muscle labeling, as compared with 10% nerve-labeled NMJs in control animals. Moreover, area, but not length values, were >2-fold larger in hAChE-expressing NMJs labeled in their nerve terminals than in those labeled in muscle alone, reflecting a hAChE-induced increase in synaptic deft width. These findings indicate that modulation of cholinergic neurotransmission in NMJs modifies the features of nerve-muscle connections. sion in NMJs: (i) the nematode uncl7 gene encoding the vesicular ACh transporter shares a common promoter with the choline acetyltransferase gene (8) , (ii) avian embryos in which cholinergic neurotransmission is blocked by organophosphates develop neuromuscular deformities (9) , and (iii) certain patients with congenital myasthenias suffer deficiencies in both the muscle nicotinic ACh receptor (nAChR) and the ACh hydrolyzing enzyme acetylcholinesterase (AChE) , although neither of these proteins is apparently mutated (4) .
To investigate the, role of cholinergic neurotransmission in NMJ 
MATERIALS AND METHODS
In vitro fertilization and microinjection ofX. laevis eggs were performed as described (10, 11) . Fertilized eggs were injected with =1 ng of DNA (AChE DNA ligated to the cytomegalovirus enhancer-promoter region; refs. 10 and 11) encoding brain and muscle AChE or with pooled DNAs encoding the individual subunits of the Xenopus-expressible (13) mouse nAChR in a ratio of 2:1:1:1 (a/,B/ y/8; Fig. 1 ). Injections were performed within the first three cleavage cycles and embryos were cultured for 1-6 days postfertilization at 21°C.
Biochemical measurements of nAChR were performed with biotinylated a-bungarotoxin (a-Bgt) (ref. 14; see legend to Fig. 2 ).
Biochemical analyses of AChE activities were performed as detailed elsewhere (15) , as were cytochemical staining and electron microscopy analyses (10, 11 tTo whom reprint requests should be addressed.
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RESULTS
We used microinjection of plasmid vectors encoding the "tailed" (T) form ofhAChE (10, 11) Cytochemical staining of AChE and nAChR in cultured myotomal cells from the transgenic embryos demonstrated that overexpression occurred, at least in part, in muscle cells (results not shown). To search for specific changes in NMJ structure and in synaptic AChE levels, electron microscopy coupled with cytochemical activity staining (10, 11) was performed. Conspicuous differences were observed in the preand postsynaptic lengths ofNMJs from embryos transgenic for either hAChE or nAChR as compared to unirjected controls. NMJs from control embryos 2 days postfertilization were relatively short, exhibited narrow synaptic clefts, and displayed limited deposition of the crystalline reaction product indicative of AChE activity (Fig. 3A) . In embryos transgenic for either nAChR (Fig. 3B) or hAChE (Fig. 3C) , nerve terminals were clustered and synaptic clefts appeared enlarged, displaying abundant dense deposits of AChE reaction products.
Morphometric measurements revealed that synapses from 2-day-old animals transgenic for mouse nAChR featured, on average, somewhat larger postsynaptic membranes and 2.25-fold larger cross sections stained for AChE activity than NMJs from control animals ( Table 1 ; P < 0.05; Student's t test). The average postsynaptic length measured for NMJs from animals transgenic for hAChE was 1.8-fold larger than that determined for controls, and AChE accumulation in these NMJs was 4-fold higher than that observed in uninjected embryos (Table  1 ; P < 0.001). The ratio of stained area to NMJ length was -2-fold higher in animals transgenic for nAChR as compared to controls, whereas NMJs from hAChE transgenics displayed an almost 3-fold increase in this ratio ( Table 1) .
As few as 1o of the NMJs in uninjected embryos developed to the length of 3.5 amn (Fig. 4A) . In embryos transgenic for nAChR, -30% of the NMJs were 3.5-5.5 um long. In animals transgenic for hAChE, 50%1 of the NMJs reached lengths of 3.5-6.5 pm. A direct relationship was observed between area stained for AChE activity and postsynaptic length in all groups, indicating that the capacity of NMJs to accommodate either the Xenopus or the human enzyme increased with length (Fig. 4B) . Nevertheless, within most of the length, groups average stained areas were considerably greater in NMJs from embryos transgenic for hAChE than in those from controls or from those overexpressing nAChR (Fig. 4B) .
The transient expression of heterologous genes in DNAmicroinjected Xenopus embryos is known to be mosaic (16) . To discriminate between NMJs that overexpressed the transgenes and those that did not, we searched for a cytochemical marker. To this end, we analyzed NMJs stained for AChE per ml (washing buffer). BSA (10 mg/ml) was addedfor40 min at room temperature to block nonspecific binding. After washing, biotinylated a-Bgt (Molecular Probes) was added (2 pg/ml in washing buffer; 150
Ad per well; 3 hr at room temperature). Unbound toxin was washed away as described above and ExtrAvidin alkaline phosphatase conjugate was added (Sigma; 1:10,000 dilution in washing buffer; 150 pA per well; 90 min at room temperature). Plates were washed twice as described above and then twice with 10 mM diethanolamine buffer containing 5 mM MgCk2 (pH 9.5). 24p-Nitrophenyl) phosphate (1 mg/ml) in the diethanolamine buffer was added for 1 hr and colored reaction product was monitored in a V,. kinetic microplate reader (Molecular Devices; 405 nm) equipped with the soFrm~x program for automated determination of hydrolysis rates. Calculations ofreceptor quantities in fmol of protein per embryo were performed as detailed elsewhere (11) . (B) AChE levels. Activities were determined by measuring acetylthiocholine hydrolysis (11) . Letters above the curves represent the DNA construct injected. U, uninjected control embryos;
A, embryos injected with the hAChE construct (10, 11); R. coinjection of four plasmids encoding the pentameric mouse muscle nicotinic receptor (12, 14) . P.F., postfertilization.
Neurobiology: Shapira et al. Proc. Natl. Acad. Sci. USA 91 (1994) 23) 3.80 ± 2.14 0.33 ± 0.29 0.087 AChE cytochemical staining and electron microscopy were as detailed elsewhere (10, 11) . Micrographs ofthe indicated numbers (n) ofcross sections of NMJ structures from 2-day-old Xenopus embryos transgenic for the noted cholinergic proteins were assessed for mean postsynaptic length (pm) and stained area (pum2). U, A, and R reflect NMJs from uninjected and hAChE-and nAChR-overexpressing embryos, respectively. *n= 14. activity in their nerve terminals separately from those in which nerve terminals were unstained. The fraction of nervelabeled NMJs increased from 10% (2/21) in control embryos to 57% (8/14) in embryos overexpressing nAChR and 34% (8/23) in those transgenic for hAChE (Fig. SA) . Thus, the expression of endogenous Xenopus AChE and/or exogenous hAChE was enhanced in part of the nerve terminals of transgenic embryos. Therefore, most of the nerve-labeled NMJs in both experimental groups could be regarded as expressing the heterologous transgenes.
Significantly increased synaptic AChE staining was observed in NMJs from hAChE-injected embryos in which nerve terminals were labeled as compared with unlabeled NMJs (Fig. SB) . However, the neuronal overexpression of hAChE did not affect postsynaptic length (Fig. SC) . Therefore, this increase in stained areas apparently reflected widening of synaptic clefts. Fig. S D and E illustrates the qualitative difference between a NMJ in which AChE expression is limited to muscle (Fig. SE) and a NMJ in which esterase expression is seen in both nerve and muscle (Fig.  SD) , with prominent widening of the synaptic cleft in the neuron-expressing NMJ. In contrast, there was no difference between nerve-stained and unstained NMJs with regard to Experimental details were as described in A. Cytochemical staining for AChE activity was performed as detailed elsewhere (11) . Average stained areas are presented as a function of length. AChE-stained area in either control embryos or those transgenic for nAChR (Fig. SB) . This demonstrated that the neuronal input of Xenopus AChE to the synaptic cleft is subject to more rigid control than that operating on the heterologous human enzyme.
DISCUSSION
We observed ultrastructural changes in neuromuscular junctions of Xenopus embryos transiently expressing either human AChE or mouse nAChR. Part of the transgenic NMJs grew to sizes unobserved in control embryos, accommodated more AChE within the synaptic cleft, and displayed enhanced staining for AChE activity within nerve terminals. These changes were significantly more conspicuous at 21'C (this report) than at 17TC (10, 11) , as would be expected based on the mammalian origin of the transgenes (17, 18). Therefore, although the receptor initiates neurotransmission and the enzyme terminates it, overexpression of either protein enhanced the development of Xenopus NMJs. The fact that both these proteins mediate the physiological effects of acetylcholine suggests a trophic role for ACh in NMJ development.
We were able to detect significant increases in the abundance of nAChR in extracts of animals transiently transgenic for human AChE. This result correlates overexpression of endogenous nAChR with overexpression of exogenous AChE. In contrast, we were unable to detect increases in esterase activity in whole cell extracts of animals transiently transgenic for mouse nAChR, possibly because of the wide tissue distribution of AChE in Xenopus embryos (19) , which masks the NMJ differences. Nevertheless, ultrastructural analyses demonstrated changes in the expression of AChE within NMJs of nAChR transgenic embryos. These observations imply coordinated expression of AChE and AChR during NMJ formation.
Most of the nerve labeling in NMJs from microinjected embryos could be attributed to the expression of transgenes. Thus, we were able to examine a subgroup of NMJs (hAChE transgenics labeled in their nerve terminals) in which 70% received synaptic input from a nerve expressing exogenous esterase. Within this subgroup, uncertainty introduced by mosaic expression was reduced and transgene-dependent differences were enhanced.
Nerve terminal expression of AChE appeared to be one of the features characterizing the large NMJs particular to the transgenic animals. In hAChE transgenics, apparently higher levels of AChE were observed in the synaptic cleft of NMJs labeled presynaptically than in those devoid of nerveterminal staining. This difference was not observed for NMJs from either control or nAChR transgenic embryos. Thus, the synaptic accumulation of endogenous Xenopus AChE was tightly linked to postsynaptic length regardless of its nerve or muscle origin(s). In contrast, neuronal AChE expression in animals transgenic for the human enzyme induced synaptic accumulation of AChE in a manner less subject to host regulation. These observations are consistent with findings demonstrating neuronal contribution ofAChE to the synaptic cleft in adult Xenopus NMJs (20) . They also highlight a putative role for muscle AChE in establishing NMJ length as opposed to a neuronal influence on the width of the synaptic cleft.
The question of whether or not ACh exerts trophic effects on muscle was previously approached by stimulation under Neurobiology: Shapira et al. (22) might enforce a concomitant increase in other NMJ components, leading to synapse enlargement and accommodation of the excess molecules.
nAChR expressed in Xenopus oocytes is correctly assembled, transported to, and inserted into the plasma membrane in a physiologically functional form (12) . Therefore, NMJs overexpressing exogenous nAChR should increase in length to the same extent as AChE-overexpressing ones. Since ACh is released in excess amounts (2, 23) , the postsynaptic signal in such NMJs would also be enhanced. In response, the amphibian system was found to increase AChE expression within the synapse, which can suppress the augmented signal down to levels compatible with normal functioning. Thus, a partially overlapping flow of feedback responses eventually leads to enhancement of NMJ development in both cases.
The NMJ cross-section parameters displaying developmental plasticity included postsynaptic length, AChE accumulation, and width of the synaptic cleft. Previous cell culture studies demonstrated modulation of part of these parameters by manipulation of key structural proteins such as agrin (24) or synapsin (25) . Our present in vivo studies suggest that all of these NMJ properties are responsive to ACh levels and therefore subject to modulation through heterologous expression of key cholinergic proteins. Thus, microinjected Xenopus embryos could be used, together with mRNA amplification techniques such as differential PCR display (26) , to clone and characterize yet unknown genes whose expression is modified during changes in NMJ development.
